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EP 1 059 685 B1
Description
BACKGROUND OF THE INVENTION
1. Field of the Invention

[0001] The presentinvention relates to the use of a carbon electrode material for a vanadium-based redox-flow type
battery and, more particularly to, such a carbon electrode material which is excellent in the energy efficiency of the
overall battery system and also which has less changes in its performance accompanied by a prolonged period of
services.

2. Description of the Related Art

[0002] Conventionally, the electrode has been developed intensively as a key factor of the battery performance.
Some types of electrodes do not act as an active material but act as a reaction field which promotes the electrochemical
reaction of active materials, often coming in of carbon materials due to their good electro-conductivity and chemical
resistance. In particular, as redox-flow type battery electrodes which have been developed popularly for power storing
purposes, a carbon fiber assembly having a chemical resistance, electro-conductivity, and liquid flowability is used.
[0003] The redox-flow type battery has been changed from a type using an aqueous solution of iron and hydrochloric
acid in its positive electrode and an aqueous solution of chromium and hydrochloric acid in negative to a type using in
both electrodes an aqueous solution of vanadium sulfate having a higher electromotive force and thus improved to
have a higher energy density. It is recently having a further enhanced energy density by the development for a higher
concentration of active materials employed therein.

[0004] The redox-flow type battery mainly comprises, as shown in FIG. 1, external tanks 6 and 7 for storing an
electrolyte solution and an electrolytic cell EC, in such a configuration that while pumps 8 and 9 are sending the elec-
trolyte solution containing an active material from the external tanks 6 and 7 to the electrolytic cell EC, electrodes
incorporated in the electrolytic cell EC performs electrochemical conversion, i.e. charge-discharge.

[0005] In charge-discharge in general, the electrolytic cell has such a liquid flow-through type structure as shown in
FIG. 1, in order to circulate an electrolyte solution between the external tanks and the electrolytic cell itself. Such a
liquid flow-through type electrolytic cell is called a single cell and used, as a minimum unit, independently or in a multi-
layer stack. Since the electrochemical reaction within a liquid flow-through type electrolytic cell occurs as a non-uniform
phase reaction on the surface of an electrode, it is generally accompanied by a two-dimensional electrolytic-reaction
field. Since its electrolytic-reaction field is a two-dimensional one, the electrolytic cell suffers a problem that it has a
smaller reaction amount per unit volume.

[0006] Therefore, the electrochemical reaction field has been three-dimentionalized in order to increase a reaction
amount, i.e. current density per unit area. Figure 2 shows an exploded perspective view of a liquid flow-through type
electrolytic cell having three-dimensional electrodes. In this electrolytic cell, between counter-opposing two collector
plates 1 an ion exchange membrane 3 is interposed, flow passages 4a and 4b for an electrolyte solution along the
inner surface of the collector plates 1 are formed by a spacer 2. At least one of these flow passages 4a and 4b has
therein an electrode material 5 such as a carbon fiber assembly, thus constituting a three-dimensional electrode. Note
here that the collector plate 1 is provided with a liquid inlet 10 and a liquid outlet 11 for the electrolyte solution.
[0007] Inthe case of a redox-flow type battery using vanadium oxysulfate as its positive-electrode electrolyte solution
and vanadium sulfate as its negative-electrode electrolyte solution, at the time of discharge, the solution containing
V2* is supplied to the liquid flow passage 4a at the negative electrode and the electrolyte solution containing V3*
(actually an ion containing oxygen) is supplied to the flow passage 4b at the positive electrode. At the flow passage
4a of the negative electrode, in the three-dimensional electrode 5, V2* releases electrons, to be oxidized into V3*.
These released electrons pass through an external circuit and reduces, within the three-dimensional electrode of the
positive electrode, V3* into V4* (actually ions containing oxygen). As this oxidation-reduction reaction goes on, the
electrolyte solution at the negative electrode runs short of SO42- and that at the positive electrode has an excessive
amount of SO42, so that SO,2- moves from the positive electrode through the ion-exchange membrane to the negative
electrode, thus maintaining a charge balance. Or H* moves from the positive electrode through the ion-exchange
membrane to the negative electrode, thus maintaining the charge balance. At the time of charge, the reaction opposite
to that for discharge proceeds.

[0008] The electrode materials for vanadium-based redox-flow type batteries must have the following performance
as their properties:

1) No side reactions occurring other than desired reactions (high reaction selectivity), specifically, high current
efficiency (n,)
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2) High activity, specifically, small cell resistance. That is, high voltage efficiency (ny).
3) High battery energy efficiency (ng) related to the above-mentioned items 1) and 2).

Mg =M X My

4) Less deterioration against repetitive use (prolonged service life), specifically, less deterioration of battery energy
efficiency (ng).

[0009] Japanese PatentPublication No. Sho-60-232669, for example, suggests that a carbonaceous material should
be used as an electrode material for ion-chromium-based redox-flow type batteries, which has an quasi-graphite mi-
crocrystal having an average of 3.70A or less of a <002> inter-facial spacing obtained with X-ray wide-angle analysis
and an average of 9.0A or more of a c-axial crystallite size and also that has a total acid functional group amount of
at least 0.01 meq/g.

[0010] Japanese Patent Publication No. Hei-5-234612 also suggests that carbonaceous fiber made from polyacry-
lonitrile-based fiber as a material should be used as an electrode material for an electrolytic cell of iron-chromium-
based redox-flow type batteries, which has an quasi-graphite crystal structure with a <002> inter-facial spacing of 3.50
- 3.60A as obtained with X-ray wide-angle analysis, and in which the number of the combination oxygen atoms is 10
- 25% of that of the carbon atoms on the surface.

[0011] By Japanese Patent Publication Nos. Sho-60-232669 and Hei-5-234612, however, to effectuate proper wet-
tability between the carbonaceous material surface and the electrolyte solution, the total acid functional group amount
must be 0.01 meq/g or more or the number of the combination oxygen atoms must be 10% or more of that of the carbon
atoms on the carbonaceous material surface. Therefore, as found out recently, a vanadium-based redox-flow type
battery presently under development having a higher active material concentration and also a higher viscosity provides
a higher contact resistance between the carbonaceous material surface and the collector plate or that between the
fiber and the fiber, resulting in the cell resistance being too high to obtain a high energy efficiency.

[0012] Moreover, it was found out that since the vanadium-based redox-flow type battery has strong oxidization force
of the penta-valent ions of vanadium, the above-mentioned electrode material cannot provide sufficient oxidization
resistance, so that the cell resistance increases as the charge-discharge cycle is repeated, thus increasing a change
in (deterioration ratio of) the energy efficiency.

[0013] In view of the above, it is an object of the present invention to use (i.e. provide) such an electrode material
for vanadium-based redox-flow type batteries that can enhance the total efficiency of those vanadium-based redox-
flow type batteries and also that improve the charge-discharge cycle service life.

[0014] Itis another object of the presentinvention to provide a carbon electrode material that can enhance the electro-
conductivity of the carbon electrode material itself and also that can inhibit the deterioration of the electro-conductivity
due to a prolonged period of service.

[0015] It is still another object of the present invention to provide a carbon electrode material that can reduce the
contact resistance of the carbon electrode surface and also that can maintain at a low value of the contact resistance
of the carbon electrode material for a prolonged period of time.

[0016] It is still another object of the present invention to provide a carbon electrode material that can improve both
the physical properties of a carbon fiber and those of a non-woven fabric, to reduce the cell resistance of a redox-flow
type battery or permit smooth flow-through of the electrolyte solution within the electrolytic cell, thus enhancing the
energy efficiency.

SUMMARY OF THE INVENTION

[0017] To this end, the inventors of the present invention conducted intensive study and came up with a finding for
completion of the present invention that for a carbon electrode material having a particular quasi-graphite crystal struc-
ture, by regulating both a surface acid functional group amount and a number of surface bound-nitrogen atoms within
their respective particular ranges, the above-mentioned objects can be achieved.

[0018] That is, any carbon electrode material used for vanadium-based redox-flow type batteries according to the
present invention is such a carbon electrode material for a vanadium-based redox-flow type battery, comprising quasi-
graphite crystal structure, wherein <002> spacing is 3.43 to 3.60 A, size of a crystallite in ¢ axial direction is 15 to 33
A, and size of a crystallite in a axial direction is 30 to 70 A, each obtained by X-ray wide angle analysis, and having
surface property obtained by XPS surface analysis wherein an amount of surface acidic functional groups is 0.1 to
1.2% relative to total number of surface carbon atoms and number of surface bound-nitrogen atoms is 5% or smaller
relative to total number of surface carbon atoms. The above-mentioned surface acid functional group amount is 0.2 -
1.0% of the total number of the surface carbon atoms and the above-mentioned number of the surface bound-nitrogen
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atoms is preferably 3% or less of the total number of the surface carbon atoms.

[0019] Insuchacarbon electrode material having the above-mentioned quasi-graphite crystal structure, by regulating
the surface acid functional group amount within the above-mentioned range, the vanadium-based redox-flow type
battery has therein a remarkably increased degree of wettability with an electrolyte solution, an increased area of the
electrode's effective area (significantly larger than the geometrical area but smaller than the BET surface area), a
largely improved degree of the electrode activity, and a largely enhanced electro-conductivity of the electrode surface.
This in turn decreases the cell resistance, that is, improves the voltage efficiency n,, and largely enhances the energy
efficiency ng. Also, with the number of the surface bound-nitrogen atoms held in the above-mentioned range, prolifer-
ation (growing gigantically) of the functional groups because of repetition of the charge-discharge cycle can be inhibited,
to also prevent deterioration of the accompanied electro-conductivity and wettability, i.e. increases in the cell resistance.
With this, it is possible to reduce time-wise changes in the energy efficiency ng during a prolonged charge-discharge
cycle.

[0020] In the above case, preferably that <002> inter-facial spacing is 3.45 - 3.50 A, that c-axial crystallite size is 20
- 30 A, and that a-axial crystallite size is 45 - 65 A. A carbon electrode material having such an quasi-graphite crystal
structure has its electro-conductivity further improved and therefore enjoys more appropriate cell resistance and energy
efficiency also with less fluctuations in energy efficiency which may be caused by repetition of the charge-discharge
cycle.

[0021] Preferably a carbon electrode material is used according to the present invention in a vanadium-based redox-
flow type battery having its electrolyte-solution viscosity of 0.005Pa.s or higher at 25°C. The redox-flow type battery
having such an electrolyte solution tends to have a higher contact resistance between the carbonaceous material
surface and the collector plate or between the fiber and the fiber, so that the carbon electrode material according to
the present invention having the above-mentioned function and effects is particularly useful.

[0022] Also, preferably, the carbon electrode material is used in a vanadium-based redox-flow type battery wherein
its electrolyte solution contains 1.5 mol/l or more of vanadium ions. Since the redox-flow type battery having such an
electrolyte solution has a strong oxidization force of the vanadium's penta-valent ions, as the charge-discharge cycle
is repeated, the cell resistance increases due to the oxidization of the electrode material, thus causing the energy
efficiency to deteriorate. Therefore, the carbon electrode material having the above-mentioned function and effects
according to the present invention is particularly useful.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023]

FIG. 1 is a schematic illustration of a vanadium-based redox-flow type battery;

FIG. 2 is an exploded perspective view of an electrolytic cell of a vanadium-based redox-flow type battery having
a three-dimensional electrode;

FIG. 3 is a graph showing one example of C1s-peak separation figures to each bound-structure measured with
XPS surface analysis; and

FIG. 4 is a graph showing one example of N1s-peak separation figures to each bound-structure measured with
XPS surface analysis.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0024] A carbon electrode material for vanadium-based redox-flow type batteries used according to the present
invention is not limited to its tissue or micro-structure but preferably can be made larger in electrode area. Specifically
it may include a spun yarn, a filament bundling yarn, a non-woven yarn, a fabric, a woven fabric, a special fabric (such
as disclosed in Japanese Patent Publication No. Sho-63-200467) or a carbonaceous fiber assembly consisting of their
hybrid tissue. Of these, a sheet consisting of these carbonaceous fibers, particularly carbonaceous fiber's non-woven
fabrics is preferable from a viewpoint of handling, workability, and manufacturability.

[0025] The non-woven fabric is appropriately made by opening a short fiber made infusible or flame resistant before
baking (carbonization) and carding it to first create a web consisting of a few layers stacked and then treating it with a
needle punch machine.

[0026] The basis weight of the non-woven fabric is preferably 100 - 1000 g/m2, particularly 200 - 600 g/m2 when it
is 2 - 3 mm thick as sandwiched between the separator membrane and the collector plate in a filled state. Also, such
a non-woven fabric that has its one face treated to have one or more a concave groove is preferably used from a
viewpoint of liquid flowability. In this case, preferably the groove has a width and a depth of at least 0.3 mm, particularly
preferably 0.5 mm or more. That carbonaceous fiber non-woven fabric is larger than a thickness in the above-mentioned
filled state, preferably about 1.5 times the thickness in the filled state. However, if it is too thick, it would break through
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the separator membrane by its compressive stress, so that preferably that stress is designed to be 1 kgf/cm? or less.
[0027] Note here that the above-mentioned carbonaceous fiber has preferably an average fiber diameter of 5 - 20
um and an average length of 30 - 100 mm. Also, the carbonaceous fiber preferably is 1.1 to 5.5 dtex.

[0028] Since the carbonaceous fiber sheet is incorporated in the battery as compressed therein, so that in the re-
sultant gap a highly viscous electrolyte solution flows, the tensile strength is preferably 0.1 kg/cm?2 to avoid dropping
in order to maintain the shape. Also, to improve the contact resistance with the collector plate, for a non-woven fabric
tissue, the density of the filling layer sandwiched between the collector plates is preferably 0.05 g/cm3 or more and the
resilient strength is preferably 0.1 kgf/cm2 or more.

[0029] A carbon electrode material for vanadium-based redox-flow type batteries needs to have a quasi-graphite
crystal structure which has a <002> inter-facial spacing obtained with X-ray wide-angle analysis of 3.43 - 3.60 A, a c-
axial crystallite size of 15 - 33 A, and an a-axial crystallite size of 30 - 70 A. Preferably, the above-mentioned <002>
inter-facial spacing is 3.45 - 3.50 A, the above-mentioned c-axial crystallite size is 20 - 30 A, and the above-mentioned
a-axial crystallite size is 45 - 65 A. The <002> inter-facial spacing is known to take on various values from 3.35 A for
graphite to a value in excess of 3.7 A for amorphous carbon, having various properties dependently.

[0030] If the <002> inter-facial spacing obtained by X-ray wide-angle analysis is 3.60 A or more or the c-axial crys-
tallite size is 15 A or less or the a-axial crystallite size is 30 A or less, the electro-conducting resistance of the electrode
material in the inner battery resistance (cell resistance) cannot be ignored, thus resulting in an increase in the cell
resistance (i.e. decrease in the voltage efficiency) to deteriorate the energy efficiency.

[0031] Also, of the <002> inter-facial spacing obtained with X-ray wide-angle analysis is 3.43 A or less or the c-axial
crystallite size of 33 A or more or the a-axial crystallite size is 70 A or more, the cell resistance increases as the charge-
discharge cycle is repeated, thus deteriorating the energy efficiency. This is regarded because the above-mentioned
carbon has distortion in its crystal structure or has a structure approximate to graphite, it tends to be decomposed due
to sulfuric acid used in the electrolyte solution of, e.g., a vanadium-based redox-flow type battery.

[0032] A carbon electrode material according to the present invention preferably has 30 - 60 cm as its half-value,
half-width of a 1360 cm-! peak, as obtained with laser Raman spectroscopic analysis, and 30 - 45 cm™! as its half-
value, half-width of a 1580 cm-! peak, and also 0.7 - 1.0 as a ratio (= la/lg) between the peak strength la at 1360 cm"
and Ig at 1580 cm-".

[0033] If each of the above-mentioned parameter values is larger than its upper limit, the specific resistance exceeds
10-2 Q-cm, so that the electrode material's electro-conductive resistance component in the inner battery resistance
(cell resistance) cannot be ignored, thus resulting in an increase in the cell resistance (i.e. decrease in the voltage
efficiency) and a decrease in the energy efficiency. Also, the specific resistance tends to be deteriorated due to a
prolonged period of service.

[0034] If each of the above-mentioned parameters is smaller than its lower limit, on the other hand, the specific
resistance increases over a prolonged period of service, thus resulting in an increase in the cell resistance and a
decrease in the energy efficiency. This is regarded because the above-mentioned carbon electrode material has dis-
tortion in its crystal structure or has a structure approximate to graphite, so that it tends to be decomposed due to
sulfuric acid used in the electrolyte solution of, e.g., a vanadium-based redox-flow type battery.

[0035] Although the above-mentioned parameters may be controlled by the baking conditions, they can be also
appropriately controlled without influenced by thew baking conditions too much by uniformly attaching metal salt which
provide such tri-valent ions such as Al, Si, and Bi as much as 10 - 100 ppm as referred to metal ions to a carbon fiber
material which has undergone initial air-oxidation, and by then baking (carbonizing) it.

[0036] Note here that in laser Raman spectroscopic analysis, a microscopic Raman spectrometer (manufactured by
Jobanne-Yvonne Atago-Bussan) to scan from 1800 - 1000 cm-1 with 488 nm Ar ion laser to analyze a peak la of 1360
+ 20 cm! and a peak Ig of 1580 + 20 cm™!. The peak strengths are both subjected to base-line correction and then
the measured wavelength is approximated with a Lorenz function; with this, they are calculated based on the highest
point and the peak's half-value, half-width is obtained based on a half value of a peak width at a half of the peak strength.
[0037] Also, the carbon electrode material preferably has a quasi-graphite crystal structure that has 0.50 - 0.90 as
the stacked structure ratio based on a peak strength of the <002> diffraction obtained with X-ray wide-angle.analysis.
If the stacked structure ratio is less than 0.50, the specific resistance exceeds 10-2Q-cm, so that the electrode material's
electro-conductive resistance component of the inner battery resistance (cell resistance) cannot be ignored, thus re-
sulting in an increase in the cell resistance (i.e. decrease in the voltage efficiency) and a decrease in the energy
efficiency. If the stacked structure ratio exceeds 0.90, on the other hand, it may be difficult to introduce a sufficient
amount the of surface acid functional group at the time of surface oxidation processing, and the stacked structure tends
to be destroyed due to distortion of the inner structure.

[0038] The above-mentioned stacked structure ratio can be appropriately obtained by using such a material having
a high orientation as meso-phase pitch or polyparaphenylene benzobisoxasol (PBO) and baking (carbonizing) it at
1300 - 1800°C for five hours or more.

[0039] The surface acid functional group amount of the carbon electrode material used according to the present
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invention obtained with XPS surface analysis is 0.1% or more, preferably 0.2% or more of the total number of the
surface carbon atoms. If the surface acid functional group amount is too small, the electrolyte solution has poor wet-
tability, thus remarkably increasing the cell resistance. This is regarded because since the carbon atom itself is hydro-
phobic, when there is present fewer acid functional groups which are hydrophilic, water is repelled. Also, the surface
acid functional group amount is 1.2% or less, preferably 1.0% or less of the total number of the surface carbon atoms.
If the surface acid functional group amount is too much, the electro-conductivity of the surface is decreased by the
functional groups, thus deteriorating the contact resistance between the collector plates or that between the fabrics
and remarkably increasing the cell resistance.

[0040] Note here that the above-mentioned surface acid functional group amount refers to an amount of hydroxide
or carboxyl groups of the contained oxygen function groups that can be replaced with silver ions by silver-nitrate
processing and is expressed as a ratio of a surface silver ion amount detected by XPS surface analysis as against the
number of the surface carbon atoms.

[0041] Also, in the carbon electrode material, the number of the surface bound-nitrogen atoms obtained by XPS
surface analysis is 5% or less, preferably 0.2 - 3.0%, more preferably 0.5 - 2.0% of the total number of the surface
carbon atoms. If the surface bound-nitrogen atoms are too many, the cell resistance increases as the charge-discharge
cycle is repeated, thus increasing the cell resistance and deteriorating the energy efficiency. This is regarded because
the functional groups having carbon bound to nitrogen tend to attract sulfuric acid ions in the electrolyte solution, to
form large functional groups on the surface by the electrochemical force during charge-discharge, thus deteriorating
the surface electro-conductivity and the wettability with the electrolyte solution.

[0042] Moreover, in the carbon electrode material, the number of the surface carbon atoms double-bound with ni-
trogen is preferably 0.3 - 3.0% of the total number of the surface carbon atoms. If the number of the surface carbon
atoms double-bound with nitrogen is less than 0.3%, the nitrogen in the carbon drops to increase the crystal orientation
of the carbonaceous fiber and improve the electro-conductivity of the fiber itself, but the flexural strength of the fiber
is deteriorated and also the cell is mounted to destroy the fiber, so that the necessary compressive stress cannot be
maintained, thus deteriorating the contact pressure force for e.g. short fabrics and increasing the contact resistance
time-wise. If it exceeds 3%, on the other hand, the double-bound nitrogen binds time-wise with an impurity in the system
during electrification, to form groups containing ammonium salt, which groups problematically deteriorate the inter-
fiber contact of the electrode material and the electro-conductivity between the fiber and the collector plate. Note here
that the ratio of the surface carbon atoms double-bound with nitrogen can be obtained by C1s-peak separation meas-
ured by XPS surface analysis.

[0043] Also, depending on how to process the surface of the carbon electrode material, the quaternary nitrogen may
be formed on the carbon surface. This is regarded because under the presence of an acid etc., the nitrogen atoms in
carbon combine with the acid to form tetra-ammonium salt, so that the resultant group may deteriorate the inter-fiber
contact of the electrode material and the electro-conductivity between the fiber and the collector plate. Therefore, the
presence of such quaternary nitrogen is preferably controlled down to 0.1%, more preferably 0.8% or less of the total
number of the surface carbon atoms. Note here that the ratio of the quaternary nitrogen as against the total number
of the surface carbon atoms can be obtained by peak separation of both the C1s peak and the N1s peak measured
by XPS surface analysis.

[0044] Also, in the carbon electrode material, the number of the surface neutral carbon atoms is preferably 80 - 95%
of the total number of the surface carbon atoms. If the number of the surface neutral carbon atoms is less than 80%,
a variety of many functional groups are bound with carbon, to deteriorate the inter-fiber contact of the electrode material
and the electro-conductivity between the fiber and the collector plate, thus tending to increase the contact resistance.
If there are many non-acid functional groups in each of the functional groups, the acid functional groups are time-wise
deteriorated in action, to deteriorate the inter-fiber contact and the electro-conductivity between the fiber and the col-
lector plate, thus tending to increase the time-wise resistance change ratio. If it is larger than 95%, the flexural strength
of the fiber is lowered, so that when the cell is mounted, the fiber is destroyed to disable the maintaining of necessary
compressive stress, thus tending to increase the contact resistance time-wise. The ratio of the number of the surface
neutral carbon atoms as against the total number of the surface carbon atoms can be obtained by separation of a C1s
peak measured by XPS surface analysis.

[0045] A carbonaceous material having the above-mentioned excellent internal structure and the wettability can be
obtained by baking (carbonizing) a material, such as a polyacrylonitrile, isotropic pitch, meso-phase pitch, cellulose,
or phenol, or polyp araphenylene benzobisoxsasol (PBO) which has undergone initial air-oxidation under stress at 200
- 300°C, in an inactive gas (or nitrogen gas) atmosphere at 1000 - 1800°C to obtain a carbon material having a quasi-
graphite crystal structure and then subjecting it to the dried oxidization processing. In this process, it was found that,
in particular, by baking the material in such an atmosphere that the concentration of an inactive gas such as argon
becomes 90% or more even in the vicinity of a processing subject, the carbon crystal structure is promoted in growth.
This reaction mechanism, under study presently though, is assumed that since highly reactive resolved gases such
as HCN, NHj3, and CO are generated during a temperature rise, the surface modification is suppressed by these
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resolved gases. Such an atmosphere that the inactive gas concentration becomes 90% or more even in the vicinity of
a processing subject can be obtained by, e.g., constantly spraying an inactive gas by as much as 1 cc/m or more per 1 g.
[0046] Since the carbon material which has undergone a temperature rise in such an atmosphere can be obtained
even at a lower baking temperature than a conventional carbon material which has undergone a long period of tem-
perature rise, it has high crystallinity and better wettability, i.e. improvements in both the electro-conductivity and the
electrode activity compared with a conventional one having similar crystallinity. This is because surface property tends
to depend on the baking temperature, i.e. with a higher baking temperature, it becomes difficult to introduce the acid
functional groups.

[0047] The dried oxidization processing for such a carbon material is conducted in such a gas atmosphere of 1 -
10% of oxygen concentration as to provide a range of 90 - 99%, preferably 93 - 99% of weight yield. The processing
temperature is preferably 500 - 900°C, more preferably 650 - 750°C. The processing method is not limited it but for
example electrolytic oxidization may be conducted instead, to obtain almost the same effects.

[0048] In the above-mentioned manufacturing method, the <002> inter-facial spacing the a-axial and c-axial crys-
tallite sizes can be controlled by adjusting mainly the baking (carbonization) temperature, the temperature-rise speed,
and the time lapse. Also, although it depends on the crystallinity (crystal growing degree) of the quasi-graphite crystal
structure, the surface acid functional group amount can be controlled by adjusting the oxygen concentration upon dried
oxidization process. Although it depends on the crystallinity of the quasi-graphite crystal structure, number of surface
bound-nitrogen atoms can be controlled by adjusting the nitrogen contents of a material used and the temperature of
the dried oxidization process.

[0049] Preferably, a carbon material used according to the present invention is formed as a non-woven fabric of a
carbonaceous fiber and, the non-woven fabric has a compressibility of 10 - 25% and a compression modulus of 80%
or more and preferably a compressibility of 10 - 20% and compression modulus of 82% or more. If the compressibility
is less than 10%, inter-fiber entanglement cannot be obtained, thus being difficult to maintain a shape as a carbona-
ceous fiber's non-woven fabric. If the compressibility exceeds 25% or the compression modulus is less than 80%, the
collector plate has a higher contact resistance when incorporated in a battery as abutted therein, to resultin a increase
in the cell resistance (decrease in the voltage efficiency), so that the energy efficiency tends to be deteriorated.
[0050] The compressibility and the compression modulus of the above-mentioned non-woven fabric is measure as
follows. According to "6.18 Compressibility and Compression Modulus" written in JIS L1096 (1990), five specimen
measuring about 5 X 5 cm2 each are prepared to measure the thickness (unit: mm) of each of them under an initial
load of 0.49 kPa and then measure the thickness (unit: mm) after being left under a load of 24.5 kPa for one minute.
Next, the load is removed, to leave them for one minute and then they are measured for thickness under the initial
load, to obtain the compressibility and the compression modulus based on these thickness, thus averaging the five
thickness values to an integral place.

[0051] The compression properties of the above-mentioned non-woven fabric, which need a premise of having the
above-mentioned carbon crystal structure and the surface acid functional groups, can be obtained by controlling the
conditions of needle punching as a pre-stage. That is, to improve the contact-ness (contact force and contact surface)
of the non-woven fabric with the collector plate as abutted therein, preferably while holding its flexible shape with no
dropping of fibers, the needle punching density is held at 150 - 300 pieces/cm?, preferably 200 - 300 pieces/cm? and
the needle punching needle comes in such as that provides facility in entanglement of infusible fabrics or flame resistant
fabrics, e.g. SB#36 or SB#40 (by Foster Needle).

[0052] Also, to regulate the compressibility and the compression modulus of the non-woven fabric in the above-
mentioned range, preferably the dried oxidation processing is conducted under tension with a width of 0.01 kgf/cm
width or larger.

[0053] Also, preferably, a non-woven fabric has a bulk density of 0.05 - 0.17 g/cm3, more preferably 0.055 - 0.165
g/cm3. If the bulk density is less than 0.05 g/cm3, the liquid flow pressure loss tends to decrease but, when the cell is
mounted, the compression stress is decreased, so that the cell resistance tends to rise. If the bulk density exceeds
0.17 g/cm3, on the other hand, the liquid flow pressure loss tend to rise to increase the liquid delivery pump loss, thus
deteriorating the total battery efficiency. This bulk density can be obtained by the following equation:

Bulk density (g/cm3) = basis weight of carbonaceous fiber non-woven

fabric (g/m?)/thickness (mm)/1000

[0054] When for example a needle punching method is employed as a pre-stage, to obtain the above-mentioned
predetermined bulk density, such s property as relating to the bulk density of the carbonaceous fiber non-woven fabric
must be optimized including conditions of the needle punching method for non-woven fabrics such as the properties,
needle density, needle depth, and pressing gap for needle punching needles while forming non-weaving the fabric.
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When employing No. 40 triangular needles (by Foster, HDB) with a barb spacing of 1.3 mm as needle punching needles
using as a raw fiber material the polyacrylonitrile (fiber diameter: 16 um, fiber length: 80 mm) which has undergone
initial air-oxidization, preferably the needle density is 278 pieces/inch?, the depth is 4 - 8 mm, and the pressing gap is
4 mm or less.

[0055] Moreover, to provide such a high density as not to be achieved by the needle punching method, thermal
pressing can be conducted or thermal crimping can be conducted under the presence of a binder. Generally, to improve
the bulk density for non-woven fabrics, such a method is employed as to enhance the density of needle punching
needles, but preferably, when thermal pressing or thermal crimping by use of a binder is conducted, needle punching
is performed with such a needle density as to hold the shape of the non-woven fabric and then thermal pressing or
thermal crimping by use of a binder is performed. When conducting thermal pressing, although the temperature and
the pressure must be adjusted depending on the properties of each fiber, generally, preferably it is conducted at a
pressing temperature of 100 - 240°C and a cotton pressure of 6 - 60 kg/cmZ2. Also, when using a binder, although it
may come in various types such as acrylic type, starch type, polyvinyl alcohol type, epoxy resin type, vinyl acetate
type, phenol resin type, etc. without limits, in order to maintain adhesive-ness even after carbonization, most preferably
a phenol resin-based binder is used. Also, although the method for adding the binder to a non-woven fabric may come
in a method of adding it during fiber mixing after a raw fiber material is opened, a method of solving or scattering it into
an organic solvent and attaching it to a non-woven fabric to dry it, and a method of scattering a powder binder into the
air and attaching it to the non-woven fabric surface, it is not limited to these but only needs to be conducted under
appropriate conditions for each material.

[0056] Next, various methods, according to the present invention, of measuring a <002> inter-facial spacing (d002),
a c-axial crystallite size (Lc), an a-axial crystallite size (La), XPS surface analysis, a current efficiency, a voltage effi-
ciency (cell resistance R), and time-wise changes in the energy efficiency after the charge-discharge cycles.

(1) <002> inter-facial spacing (d002), crystallite size (Lc), and (La)

[0057] An electrode material is crushed to about a particle diameter of 10 um in an agate mortar, to mix as an internal
standard substance an about 5-weight% of X-ray standard high-purity silicon power against a specimen and put it into
a cell, to measure an wide-angle X-ray with a diffraction meter method using CuKo. ray as a ray source.

[0058] A curve is corrected not in terms of so-called the Lorenz factor, the polarization factor, the absorption factor,
the atom-scattering factor, etc. but done so using a following simple method. That is, from a base-line of a peak which
corresponds to a <002> diffraction, an effective strength is re-plotted, to obtain a <002> corrected strength curve. An
intermediate point of a line segment at which as a line parallel to an angular axis drawn at a 2/3 height of a peak height
of this curve intersects with the corrected strength curve is obtained and its angle is corrected with reference to an
internal standard to provide a value twice as large as the diffraction angle, thereby obtaining a <002> inter-facial spacing
based on a wavelength A of the CuKa. using the Bragg Equation of Equation 1.

(Equation 1)

_ A g
9002 = 2757

where the wavelength A is 1.5418 A and 6 indicates the <002> diffraction angle.

[0059] Next, a length (half-value B) of a line segment at which a line parallel to an angular axis drawn at a 1/2 height
of the peak height intersects with the corrected strength curve is used to obtain the c-axial crystallite size Lc according
to Equation 2.

(Equation 2)

k1-A

Le= B-Coso

(A)

where the wavelength A is 1.54148 A. the structure coefficient k1 is 0.9, 8 indicates the <002> diffraction angle, and
indicates a half-value of the <002> diffraction peak.

[0060] The stacked structure ratio is obtained on the basis of the peak strength and the base-line strength of the
above-mentioned corrected curve <002> diffraction. Specifically, based on the peak strength I, of the <002> diffraction
and average base-line strength |, of the peak of the <002> diffraction, a relative strength SI (= (I, - 1,)/l,;,) and, based
on as well as the strength |5, (= 0.0606 X dgg, X Lc) not including the <002> diffraction peak background, the stacked
structure ratio Ps (= SI/(SI (1 - Ig) + Is))(for details, see Japan Chemistry Institute, by Shiraishi etal., (1), p.153, 1976).
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[0061] Also, an effective strength is re-plotted from the base-line of a peak which corresponds to the <10> diffraction,
to obtain a corrected strength curve. Based on a length (half-width B) of a line segment at which a line parallel to an
angular axis drawn at a 1/2 height of the peak height intersects with the corrected strength curve, the a-axial crystallite
size La is obtained using Equation 3.

(Equation 3)

_ k2:A &
La= B-COSG(A)
where the wavelength A is 1.5418 A, the structure coefficient k2 is 1.84, 8 indicates the <10> diffraction angle, and
indicates the half-width of the <10> diffraction peak.

(2) XPS surface analysis

[0062] The apparatus used for measurement by use of the X-ray photo-electronic spectroscopy abbreviated as ESCA
or XPS is actually a Shimazu ESCA750 and, for analysis an ESCAPAC760 is used.

[0063] Each specimen is immersed in an acetone solution of silver nitrate, to completely replace the proton of the
acid functional groups with silver, clean it with acetone and water respectively, blank it into pieces with a 6-mm diameter,
and adhere it to a heating specimen table for analysis by conducting paste. Beforehand, prior to measurement, the
specimen is heated to 120°C and removed of air in vacuum for three hours or longer. As a ray source, an MgKo-ray
(1253.6eV) is used and the intra-apparatus vacuum degree is 107 torr.

[0064] Measurement is conducted for C1s, N1s, and Ag3d peaks, each of which is corrected and analyzed using
ESCAPAC760 (based on a correction method by J. H. Scofield), to obtain each peak area. Thus obtained area C1s is
multiplied by 1.00 for C1s, by 1.77 for N1s, and by 10.68 for Ag3d, to provide each ratio of number of atoms. The
number of surface bound-nitrogen atoms as against a total number of surface carbon atoms (N/C ratio) is obtained in
percentage (%) as a ratio of (number of surface nitrogen atoms/number of surface carbon atoms) and the surface acid
functional group amount as against a total number of surface carbon atoms, as a ratio of (humber of surface silver
atoms/number of surface carbon atoms).

[0065] Next, a C1s peak is separated so as to match the peak shape with a chemical shift value in each structure,
to decide a peak area of carbon double-bound with nitrogen (-C=N-), thus calculating in percentage (%) the area ratio
as against the whole surface carbon.

[0066] Further, an N1s peak is separated into peaks of 400.1eV and 402.5eV, to decide a peak area, as quaternary
nitrogen, of peaks appearing at 402.5eV, thus calculating in percentage (%) the area ratio as against the whole surface
carbon.

[0067] As the chemical shift value at the carbon peak in each structure, a literature (A. Ishitani, Carbon, 19,269
(1981)) was referenced. Figure 3 shows an example where a measured C1s peak was separated for each of its bonding
structure, while FIG. 4 shows an example where the N1s peak was separated for each of its bonding structure.

(3) Electrode properties

[0068] A small cell is used which has an electrode area of 10 cm2 (= 1 ¢m in a vertical direction (liquid flow-through
direction) X 10 cm in the width direction), to repeat charge-discharge cycle at a constant current density, thus testing
the electrode properties. As the positive-electrode electrolyte solution, 3 mol/l of sulfuric-acid aqueous solution of 2
mol/l vanadium oxysulfate was used and as the negative-electrode electrolyte solution, 3 mol/l of sulfuric-acid aqueous
solution of 2 mol/l vanadium sulfate was used. The amount of the electrolyte solutions is set largely excessive as
against the cell and the piping. A flow rate of the liquid is set at 6.2 ml/m, for measurement at 30°C. Note here that the
viscosity of the above-mentioned electrolyte solutions at 25°C was 0.006Pa-s for the positive electrode and 0.01Pa-s
for the negative electrode.

(a) Current efficiency: n,

[0069] Inatestduring one cycle starting with charge and ending with discharge, the current density for the geometrical
area of the electrode is set at 40 mA/cm?2 (400 mA), a charge amount required to charge up to 1.7 V is set at Q,
coulomb, and charge amounts discharged at a constant current down to 1.0 V and taken out subsequently at 1.2 V
are set at Q, and Q3 respectively, to obtain the current efficiency n; using Equation 4.
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(Equation 4)

Q, +Q
“|=2Q—13X100(%)

(b) Cell resistance: R
[0070] A ratio of a charge amount taken out by discharge as against a logical charge amount Qy, necessary to

completely reduce the V3* in the negative-electrode solution into V2* is defined as a charging ratio and obtained using
Equation 5.

(Equation 5)

. Q@+ Qg
(charging ratio) = Q—X 100 (%)
th

[0071] A charging voltage V5o and a discharging voltage Vpgo which correspond to a charge amount at a charging
ratio of 50% are obtained from a charge-voltage curve, to obtain a cell resistance (Q-cm?2) for the electrode's geometrical
area using Equation 6.

(Equation 6)

_ Veso - Vo

R o 50 % 10 (Q-cm?)

where, | is a current value 0.4 A at the time of charge-discharge at a constant current.
(c) Voltage efficiency: ny

[0072] Using a cellresistance R obtained above, a voltage efficiency 1, is obtained using a simple method of Equation
7.

(Equation 7)

_ E-I'R/10

- 0,
W = Exrpao < 100 (%)

where E is a cell's open circuit voltage 1.432 V (actual measurement) at a charging ratio of 50% and I is a current value
0.4 A at the time of charge-discharge at a constant current.

(d) Energy efficiency: ng

[0073] Using the above-mentioned current efficiency n, and the voltage efficiency ny, an energy efficiency ng is
obtained using Equation 8.

(Equation 8)

1
nE=n|Xﬂvxm(%)

[0074] The higher the current efficiency and the voltage efficiency, the higher becomes the energy efficiency, to
reduce the energy loss during charge-discharge cycles, thus deciding the electrodes to be excellent.

10
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(e) Time-wise change of charge-discharge cycles

[0075] After the items (a), (b), (¢), and (d) are measured, the same cell is subsequently used to repeat charge-
discharge at a constant current density of 40 mA/cm2 and a cell voltage of 1.0 - 1.7 V. After a predetermined number
of cycles elapsed, the items (a), (b), (c), and (d) are measured again, to obtain ng and a change Ang as calculated
from its initial state.

[0076] The properties of electrodes for an electrolytic cell used in redox-flow type batteries etc. are represented by
the above-mentioned current efficiency n;, the voltage efficiency ny (cell resistance R), and the energy efficiency ng
(product of n, and ny) as well as their charge-discharge stability values (service lives) during charge-discharge cycles.
[0077] In aredox-flow type battery, in particular, the current efficiency 1, is decreased because a charged amount is
partially dissipated due to side reactions such as generation of hydrogen or oxygen mainly during charging. Generally,
it is observed that when metal elements are used as the electrode, each of the elements has each electrochemical
reaction selectivity. Similarly, it is assumed that different crystallinities of carbon also have correspond to different
electron energy levels, which have a large influence on the electrochemical reaction selectivity, i.e. current efficiency
n;- The present invention makes it possible to remarkably enhance the current efficiency n, by providing the above-
mentioned carbon structure. This is assumed because the reaction selectivity based on an electron energy level of a
carbon material having the above-mentioned structure is in an optimal state in a system used and also, the carbon's
internal structure is made uniform (averaged) and the structural defects etc. are reduced or eliminated, thus making
the electrode potential uniform. Note here that as publicly known, metal impurities, especially such transition metals
as iron, chromium, and nickel act as a catalyst for promoting the side reaction, so that it is preferable to use such a
carbon material that contains those impurities as less as possible.

EXAMPLE
[0078] The present invention will be explained based on examples below.
(Example 1-1)

[0079] After a polyacrylonitrile fiber having the average fiber diameter of 16 um was converted into flame-resistant
in an air at 200 to 300°C, a short fiber of the flame-resistant fiber (length; about 80 mm) was felted to make a non-
woven fabric having basis weight of 400 g/m?2 and the thickness of 4.0 mm. While an argon gas was constantly blasted
to the non-woven fabric at 600 cc/min./m2, a temperature was raised to 1400°C, 1600°C or 1800°C, respectively, at
a temperature raising rate of 100°C/min. and a temperature was maintained at the each temperature for 1 hour to
perform carbonization. Thereafter, the non-woven fabric was cooled, and treated in the nitrogen gas atmosphere having
the oxygen concentration of 7% at 700°C to yield by weight of 95% to obtain three kinds of carbonaceous fibrous non-
woven fabrics.

(Example 1-2)

[0080] After a mesophase pitch fiber having the average fiber diameter of 13 um was made infusible in an air at 250
to 350°C, a short fiber of the infusible fiber (length; about 80 mm) was felted to make a non-woven fabric having basis
weight of 500 g/m2 and the thickness of 5.5 mm. While an argon gas was constantly blasted to the non-woven fabric
at 600 cc/min./m2, a temperature was raised to 1200°C at a temperature raising rate of 100°C/min, and a temperature
was maintained at that temperature for 1 hour to perform carbonization. Thereafter, the non-woven fabric was cooled,
and treated in the nitrogen gas atmosphere having the oxygen concentration of 7% at 700°C to yield by weight of 95%
to obtain the carbonaceous fibrous non-woven fabric.

(Example 1-3)

[0081] A non-woven fabric made under the same conditions as those of Example 1-1 was heated to 1400°C at a
temperature raising rate of 10°C/min, in the nirogen gas atmosphere, maintained at that temperature for 1 hour to
perform carbonization, cooled, and treated in the nitrogen gas atmosphere having the oxygen concentration of 7% at
700°C to yield by weight of 95% to obtain the carbonaceous fibrous non-woven fabric.

(Example 1-4)

[0082] While an argon gas was constantly blasted to a non-woven fabric made under the same conditions as those
of Example 1-1 at 600 cc/min./m2, it was heated to 2000°C at a temperature raising rate of 100°C/min., maintained at

11
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that temperature for 1 hour to perform carbonization, cooled, and treated in the nitrogen gas atmosphere having the
oxygen concentration of 7% at 700°C to yield by weight of 95% to obtain the carbonaceous fibrous non-woven fabric.

(Example 1-5)

[0083] While an argon gas was constantly blasted to a non-woven fabric made under the same conditions as those
of Example 1-1 at 600 cc/min./m?2, it was heated to 1600°C at a temperature raising rate of 100°C/min., maintained at
that temperature for 1 hour to perform carbonization, cooled, and treated in the nitrogen gas atmosphere having the
oxygen concentration of 0.5% at 700°C to yield by weight of 95% to obtain the carbonaceous fibrous non-woven fabric.

(Example 1-6)

[0084] While an argon gas was constantly blasted to a non-woven fabric made under the same conditions as those
of Example 1-1 at 600 cc/min./m2, it was heated to 1600°C at a temperature raising rate of 100°C/min., maintained at
that temperature for 1 hour to perform carbonization, cooled, and treated in an air at 700°C to yield by weight of 85%
to obtain the carbonaceous fibrous non-woven fabric.

(Example 1-7)

[0085] While a nitrogen gas was constantly blasted to a non-woven fabric made under the same conditions as those
of Example 1-1 at 600 cc/min./m2, it was heated to 1600°C at a temperature raising rate of 100°C/min., maintained at
that temperature for 1 hour to perform carbonization, cooled, and treated in the nitrogen gas atomosphere having the
oxygen concentration of 7% to yield by weight of 95% at 900°C to obtain the carbonaceous fibrous non-woven fabric.
[0086] The results of X-ray wide angle analysis and those of XPS surface analysis in Examples 1-1 to 1-7 are shown
in Table 1. In addition, the electrode performance (2nd cycle and 100th cycle of charge and discharge cycle) as de-
scribed above of the treated samples were measured at the spacer thickness of 2.0 mm and the results thereof are
shown in Table 1.

12
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(Example 2-1)

[0087] A polyacrylonitrile fiber having the average fiber diameter of 16 um was converted into flame-resistant at 200
to 300°C in an air, a short fiber(length; about 80 mm) of the flame-resistant fiber was felted to make a non-woven fabric
having basis weight of 400 g/m2 and the thickness of 4.0 mm. The non-woven fabric was soaked in a 0.01 wt% aqueous
bismuth hydroxide solution, dehydraded (0.008 wt% attachment in terms of bismuth ion), heated to 2000°C in the
nitrogen gas at a temperature raising rate of 10°C/min., maintained at that temperature for 1 hour to perform carbon-
ization, cooled, and oxidizing-treated to yield by weight of 93% at 650°C in an air to obtain the carbonaceous fibrous
non-woven fabric.

(Example 2-2)

[0088] A non-woven fabric made under the same conditions as those of Example 2-1 was soaked in a 0.01 wt%
aluminum hydroxide solution, dehydraded (0.06 wt% attachment in terms of aluminum ion), heated to 1600°C at a
temperature raising rate of 10°C/min. in the nitrogen gas, maintained at this temperature for 1 hour to perform carbon-
ization, cooled, and oxidizing-treated to yield by weight of 93% at 650°C in an air to obtain the carbonaceous fiburous
non-woven fabric.

(Example 2-3)

[0089] A non-woven fabric made under the same conditions as those of Example 2-1 was heated to 1300°C at a
temperature raising rate of 10°C/min. in the nitrogen gas, maintain at this temperature for 1 hour to perform carboni-
zation, cooled, and oxidizing-treated to yield by weight of 93% at 650°C in an air to obtain the carbonaceous fibrous
non-woven fabric.

(Example 2-4)

[0090] A non-woven fabric made under the same conditions as those of Example 2-1 was heated to 2000°C at a
temperature raising rate of 10°C/min. in the nitrogen gas, maintained at this temperature for 1 hour to perform carbon-
ization, cooled, and oxidizing-treated to yield by weight of 93% at 650°C in an air to obtain the carbonaceous fibrous
non-woven fabric.

[0091] The results of laser Raman analysis, XPS surface analysis, and specific resistance in Examples 2-1 to 2-4
are shown in Table 2. Specific resistance of a single fiber was measured according to "6.7 volumetric resistance"
described in JIS R7601 (1986). The electrode performance (2nd cycle and 100th cycle of charge and discharge cycle)
of the treated sample was measured at a spacer thickness of 2.0mm and the results thereof are shown in Table 2.

14
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(Example 3-1)

[0092] A polyacrylonitrile fiber of the average fiber diameter of 16 um was converted into flame-resistant in an air at
200 to 300°C, a short fiber (length; about 80 mm) of the flame-resistant fiber was felted to make a non-woven fabric
having basis weight of 400 g/m2 and the thickness of 4.0 mm. While an argon gas was constantly blasted to the non-
woven fabric at 600 cc/min./m2, the non-woven fabric was heated to 1600°C at a temperature raising rate of 100°C/
min., maintained at this temperature for 1 hour to perform carbonization, cooled, and treated to yield by weight of 93%
at 700°C in the nitrogen stream of the oxygen concentration of 0.5 vol%. Further, non-woven fabric was activated at
500°C for 10 minutes in the nitrogen stream containing 20 vol% water steam to obtain the carbonaceous fibrous non-
woven fabric.

(Example 3-2)

[0093] While an argon gas was constantly blasted to a non-woven fabric made under the same conditions as those
of Example 3-1 at 600 cc/min./m2, the non-woven fabric was heated to 1600°C at a temperature raising rate of 100°C/
min., maintained at this temperature for 1 hour to perform carbonization, cooled, and treated to yield by weight of 93%
at 700°C under the nitrogen stream having the oxygen concentration of 0.5 vol%. Further, the non-woven fabric was
activated at 200°C for 5 minutes under the nitrogen stream containing 5 vol% hydrogen chloride gas and 20 vol% water
steam to obtain the carbonaceous fibrous non-woven fabric.

(Example 3-3)

[0094] A non-woven fabric made under the same conditions as those of Example 3-1 was heated to 1200°C at a
temperature raising rate of 10°C/min. in the nitrogen gas, maintained at this temperature for 1 hour to perform carbon-
ization, cooled, and treated to yield by weight of 93% at 700°C under the nitrogen stream having the oxygen concen-
tration of 7 vol% to obtain the carbonaceous fibrous non-woven fabric.

(Example 3-4)

[0095] While an argon gas was constantly blasted to a non-woven fabric made under the same conditions as those
of Example 3-1 at 600 cc/min./m2, heated to 2000°C at a temperature raising rate of 10°C/min., maintained at this
temperature for 1 hour to perform carbonization, cooled, and treated to yield by weight of 93% at 700°C under the
nitrogen stream having the oxygen concentration of 7 vol%. Further, the non-woven fabric was activated at 500°C for
10 minutes under the nitrogen stream containing 20 vol% water stream to obtain the carbonaceous fibrous non-woven
fabric.

(Example 3-5)

[0096] While an argon gas was constantly basted to a non-woven fabric made under the same conditions as those
of Example 3-1 at 600 cc/min./m2, the non-woven fabric was heated to 1600°C at a temperature raising rate of 10°C/
min., maintained at this temperature for 1 hour to perform carbonization, cooled, and treated to yield by weight of 93%
at 700°C under the nitrogen gas atomosphere having the oxygen concentration of 0.5 vol%. Further, the non-woven
fabric was activated at 200°C for 5 minutes under the nitrogen stream containing 5vol% hydrogen chloride gas and 20
vol% water steam to obtain the carbonaceous fibrous non-woven fabric.

[0097] The results of XPS surface analysis and initial contact resistance and contact resistance after 100 cycles for
the non-woven fabrics obtained in Examples 3-1 to 3-5 are shown in Table 3.

[0098] Initial contact resistance was measured by cutting a sample into 1 cm X 10 cm size, compressing the sample
to the predetermined spacer thickness with two conducting plates from the thickness direction using a teflon spacer
having the thickness of 2.5 mm and measuring the resistances at both size of the conducting plate with digital multimeter
(TR6846 manufactured by Advantest). In addition, contact resistance after 100 cycles was measured by making a
small cell having an electrode area 10 cm?2 of 1 cm in an up and down direction (solution flow direction) and 10 cm in
a width direction, repeating 100 cycles charge and discharge at constant current density, after completion, washing a
sample used for a cathode, drying, and measuring contact resistance according an initial contact resistance measuring
method.
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Table 3
XPS surface analysis value Contact resistance (Q2)
A B Cc Initial state 100'th cycle
Example 3-1 0.5 0.0 1.7 0.025 0.027
Example 3-2 0.8 0.6 1.8 0.026 0.029
Example 3-3 1.2 0.0 3.3 0.026 0.035
Example 3-4 0.3 0.0 0.1 0.025 0.036
Example 3-5 21 1.2 1.8 0.033 0.045

A: value in percentage of a surface acidic functional group amount as against a total number of surface carbon
atoms obtained with XPS surface analysis.

B: value in percentage of a number of surface quaternary ammonium nitrogen atoms as against a total number
of surface carbon atoms obtained with XPS surface analysis.

C: value in percentage of a number of surface carbon atoms double-bound with nitrogen as against a total

number of surface carbon atoms obtained with XPS surface analysis.

(Example 4-1)

[0099] A polyacrylonitrile fiber having the average fabric diameter of 16 um was converted into flame-resistant in an
air at 200 to 300°C, a short fiber (length; about 80mm) of the flame-resistant fiber was felted to make a non-woven
fabric having basis weight of 400 g/m2 and the thickness of 4.0 mm. The non-woven fabric was heated to 1200°C at
atemperature raising rate of 100°C/min. under the nitrogen stream, maintained at this temperature for 1 hour to perform
carbonization, cooled, and treated to yield by weight of 93% at 700°C in an air to obtain the carbonaceous fibrous non-
woven fabric. This sample was placed in an argon gas atomospheric furnace containing 15 vol% hydrogen gas, heated
at a temperature raising rate of 600°C/h, heat-treated for 5 minutes, and cooled gradually to obtain a reduced-type
carbonaceous fibrous non-woven fabric.

(Example 4-2)

[0100] A non-woven fabric made under the same conditions as those of Example 4-1 was heated to 1400°C at a
temperature raising rate of 100°C/min. under the nitrogen stream, maintained at this temperature for 1 hour to perform
carbonization, cooled, and treated to yield by weight of 93% at 550°C in an air to obtain the carbonaceous fibrous non-
woven fabric.

(Example 4-3)

[0101] A sample made in Example 4-2 was placed into an argon gas atomospheric furnace containing 15 vol%
hydrogen gas, heated at a temperature raising rate of 600°C/h, heat-treated at 700°C for 5 minutes, and cooled grad-
ually to obtain a reduced-type carbonaceous fibrous non-woven fabric.

(Example 4-4)

[0102] A non-woven fabric made under the same conditions as those of Example 4-1 was heated to 1200°C at a
temperature raising rate of 100°C/min. under the nitrogen stream, maintained at this temperature for 1 hour to perform
carbonization, cooled, and treated to yield by weight of 98% at 700°C in an air to obtain the carbonaceous fibrous non-
woven fabric.

[0103] The results of XPS surface analysis and initial contact resistance and contact resistance after 100 cycles for
the non-woven fabrics obtained in Examples 4-1 to 4-4 are shown in Table 4.

Table 4

XPS surface analysis value
A B
Example 4-1 0.8 88.0

Contact resistance (Q2)
100'th cycle
0.027

Initial state
0.026
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Table 4 (continued)

XPS surface analysis value Contact resistance (Q)
A B Initial state 100'th cycle
Example 4-2 0.8 77.0 0.039 0.048
Example 4-3 0.4 82.0 0.025 0.027
Example 4-4 0.3 98.0 0.023 0.045
A: ratio of oxygen-containing surface acid functional group/surface carbon evaluated with
XPS
B: ratio of neutral surface carbon/surface carbon evaluated with XPS

(Example 5-1)

[0104] A polyacrylonitrile fiber, composed of acrylonitrile 98 mole%-methyl methacrylate 2 mole%, having weight
average molecular weight of 75000 and average fiber diameter of 16 um was converted into flame-resistant in an air
at 200 to 300°C, and a short fiber (length; about 80 mm) of the flame-resistant fiber was felted with a felting needle
SB#36 (Foster Needle Company) at a punching density of 250/cm? to make a non-woven fabric having basis weight
of 600 g/m2 and the thickness of 5.0 mm. While an argon gas was constantly blasted to the non-woven fabric at 600
cc/min./m2, the non-woven fabric was heated to 1400°C at a temperature raising rate of 100°C/min., maintained at
this temperature for 1 hour to perform carbonization, cooled, and treated by stretching with 0.1 kgf/cm width tension
at 700°C in an air to yield by weight of 93% to obtain the carbonaceous fibrous non-woven fabric.

(Example 5-2)

[0105] A polyacrylonitrile fiber, composed of acrylonitrile 97 mole%-vinyl acetate 3 mole%, having weight average
molecular weight of 200000 and average fiber diameter of 16 um was converted into flame-resistant in an air at 200
to 300 °C. According to the same manner as that of Example 5-1 except that a short fiber (length; about 80 mm) of
this flame-resistant fiber was used, a non-woven fabric was made and treated to obtain the carbonaceous fibrous non-
woven fabric.

(Example 5-3)

[0106] According to the same manner as that of Example 5-1 except that a punching density was 150/cm?2, a car-
bonaceous fibrous non-woven fabric was obtained.

(Example 5-4)

[0107] According to the same manner as that of Example 5-1 except that a punching density was 350/cm?2, a car-
bonaceous fibrous non-woven fabric was obtained.

(Example 5-5)

[0108] According to the same manner as that of Example 5-1 except that a non-woven fabric was treated to yield by
weight of 93% at 700°C in an air without applying tension, a carbonaceous fibrous non-woven fabric was obtained.
[0109] Size (La) of a crystallite in a axial direction of the carbonaceous fibrous non-woven fabric obtained above,
XPS surface analysis, compressibility and compression modulus of the non-woven fabric, contact resistance with a
current collecting plate, and electrode performance are shown in Table 5 together with the manufacturing conditions.
In addition, contact resistance with a current collecting plate was measured as follows: A sample of a carbonaceous
fibrous non-woven fabric having the width of 1cm and the length of 10 cm was put between two current collecting
plates, and contact when compressed to the thickness of 2 mm was conveniently measured with a digital multimeter
to obtain resistance per unit area. A resin binding graphite plate (thickness;3 mm) having specific resistance of 0.05
Q-cm was used for the current collecting plate, and resistance when the current collecting plates are mutually contacted
by pressure can be negligible compared with the contact resistance with the non-woven fabric.
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(Example 6-1)

[0110] A polyacrylonitrile having the average fiber diameter of 16 um was converted into flame-resistant in an air at
200 to 300°C, and cut into about 80 mm in length to make a short fiber of a flame-resistant fiber. This was made into
a non-woven fabric under the conditions of a needle of #HDB40 manufactured by Foster Company, needle density of
470/inch2, depth of 8 mm and pushing gap of 4 mm to make a non-woven fabric having basis weight of 400 g/m2 and
the thickness of 4.3 mm. Then, the non-woven fabric was heated to 1200°C at a temperature raising rate of 100°C/
min. under the nitrogen stream, maintained at this temperature for 1 hour to perform carbonization, cooled, and treated
to yield by weight of 93% at 700°C in an air. Further, the non-woven fabric was placed into an argon gas atomospheric
furnace containing 15vol% hydrogen gas, heated at a temperature raising rate of 600°C/h, heat-treated at 700°C for
5 minutes, cooled gradually to obtain a reduced-type carbonaceous fibrous non-woven fiber.

(Example 6-2)

[0111] A polyacrylonitrile fiber having the average fiber diameter of 16 um was converted into flame-resistant in an
air at 200 to 300°C, and cut into about 80mm in length to make a short fiber of a flame-resistant fiber. This was made
into a non-woven fabric under the conditions of a needle of #HDB40 manufactured by Foster Company, needle density
of 146/inch2, depth of 4 mm and pushing gap of 4 mm to make a non-woven fabric having basis weight of 400 g/m?2
and the thickness of 5.2 mm. Then, the non-woven fabric was passed through a calendar roll at line pressure of 60 kg/
cm to press to the thickness of 3.1 mm. The non-woven fabric was heated to 1200°C at a temperature raising rate of
100°C/min. under the nitrogen stream, maintained at this temperature for 1 hour to perform carbonization, cooled, and
treated to yield by weight of 93% at 700°C in an air. Further, the non-woven fabric was placed into an argon gas
atomospheric furnace containing 15 vol% hydrogen gas, heated at a temperature raising rate of 600°C/h, heat-treated
at 700°C for 5 minutes, and cooled gradually to obtain a reduced-type carbonaceous fibrous non-woven fabric.

(Example 6-3)

[0112] A polyacrylonitrile fiber having the average fiber diameter of 16 um was converted into flame-resistant in an
air at 200 to 300°C, and cut into 80 mm in length to make a short fiber of a flame-resistant fiber. To this was added
0.5% by weight of phenol resin powder (trade name Bellpearl S890, manufactured by Kanebo (K.K.)), relative to the
weight of the flame-resistant fiber to mix, which was made into a non-woven fabric under the conditions of a needle of
#HDB40 manufactured by Foster Company, needle density of 146/inch2, depth of 4mm and pushing gap of 4 mm to
make a non-woven fabric having basis weight of 400 g/m?2 and the thickness of 5.2 mm. Then, the non-woven fabric
was passed through a calendar roll at line pressure of 60 kg/cm and 200°C to press to the thickness of 2.0 mm. The
non-woven fabric was heated to 1200°C at a temperature raising rate of 100°C/min. under the nitrogen stream, main-
tained at this temperature for 1 hour to perform carbonization, cooled, and treated to yield by weight of 93% at 700°C
in an air. Further, the non-woven fabric was placed into an argon gas atomospheric furnace containing 15 vol% hydrogen
gas, heated at a temperature raising rate of 600°C/h, and heat-treated at 700°C for 5 minutes, and cooled gradually
to obtain a reduced-type carbonaceous fibrous non-woven fabric.

(Example 6-4)

[0113] According to the same manner as that of Example 6-2 except that a non-woven fabric was not pressed by
passing through a calendar roll at line pressure of 60 kg/cm and 240°C, a reduced-type carbonaceous fibrous non-
woven fabric was obtained.

(Example 6-5)

[0114] According to the same manner as that of Example 6-2 except that a short fiber was made into a non-woven
fabric by adding 0.5% by weight of phenol resin powder (trade name Bellpearl S890, manufactured by Kanebo (K.K.)),
relative to the weight of the flame-resistant fiber, a reduced-type carbonaceous fibrous fabric was obtained.

[0115] Bulk density, XPS surface analysis, liquid flow pressure loss, initial contact resistance with a current collecting
plate, and contact resistance after 100 cycles for the carbonaceous fibrous non-woven fabrics obtained above are
shown in Table 6 together with the manufacturing conditions. Liquid flow pressure loss was measured as follows: a
liquid flowing-type electrolysis tank, composed of 20 cm in a liquid flow direction, 10 cm in width direction (path width)
and a 1.2 mm spacer, having the same shape as that of a liquid flowing-type electrolysis tank was prepared, and an
electrode material made (carbonaceous fibrous non-woven fabric) was cut into 10 cm x 10 cm and arranged. lon-
exchanged water was flown at a liquid amount of 5 liter/h and liquid flow pressure losses between outlet and inlet of
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an electrolysis tank were measured. The similar measurement was carried out without arrangement of the electrode

material as a blank and a difference between the measured value and the blank measured value was adopted as
solution conducting pressure loss of an electrode material.
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Claims

Use of a fabric of a carbonaceous fiber comprising a quasi-graphite crystal structure, wherein the <002> spacing
is 34.5 to 35 nm (3.45 to 3.50 A), the size of a crystallite in ¢ axial direction is 150 to 330 nm (15 to 33 A) and the
size of a crystallite in a axial direction is 300 to 700 nm (30 to 70 A), each obtained by X-ray wide angle analysis,

and which has surface property obtained by XPS surface analysis wherein an amount of surface acidic func-
tional group is 0.1 to 1.2% relative to total number of surface carbon atoms and number of surface bound-
nitrogen atoms is 5% or smaller relative to total number of surface carbon atoms, as a carbon electrode material
for a vanadium-based redox-flow type battery.

2. The use according to claim 1, wherein said amount of surface acidic functional groups is 0.2 to 1.0% relative to
total number of surface carbon atoms and said number of surface bound-nitrogen atoms is 3% or smaller relative
to total number of surface carbon atoms.

3. The use according to claim 1 or 2, wherein said size of a crystallite in ¢ axial direction is 200-300 nm (20 to 30 A)
and said size of a crystallite in a axial direction is 450 to 650 nm (45 to 65 A).

4. The use according to any one of claims 1 to 3, wherein a half value half width of a peak at 1360 cm! is 30 to 60
cm-1, a half value half width of a peak at 1580 cm™ is 30 to 45 cm-', and a ratio R of peak intensity la at 1360 cm"
and peak intensity Ig at 1580 cm-! (=la/lg) is 0.7 to 1.0 each obtained by a laser Raman spectroscopic method.

5. The use according to claim 1 and 3, wherein a stacked structure ratio based on a peak intensity of the <002>
diffraction obtained by X-ray wide angle analysis is 0.50 to 0.90.

6. The use according to claims 1 to 3, wherein number of surface carbon atoms which are double-bound with nitrogen
obtained by XPS surface analysis is 0.3 to 3.0% relative to total number of surface carbon atoms.

7. The use according to claim 6, wherein number of surface quaternary ammonium nitrogen atoms obtained by XPS
surface analysis is 1.0% or smaller relative to total number of surface carbon atoms.

8. The use according to claims 1 to 3, wherein number of surface neutral carbon atoms obtained by XPS surface
analysis is 80 to 95% relative to total number of surface carbon atoms.

9. The use according to claims 1 to 8, wherein the viscosity of an electrolysis solution of the battery is 0.005 Pa - s
or greater at 25°C.

10. The use according to claims 1 to 8, wherein an electrolysis solution of the battery contains vanadium ion at an
amount of 1.5 mol/l.

11. The use according to claims 1 to 10, wherein the carbon electrode material is formed into a non-woven fabric of
a carbonaceous fiber, the non-woven fabric has compressibility of 10 to 25% and compression modulus of 80%
or greater each obtained according to JIS L 1096 (1990).

12. The use according to claims 1 to 10, wherein the carbon electrode material is formed into a non-woven fabric of
a carbonaceous fiber and the non-woven fabric has bulk density of 0.05 to 0.17 g/cm3.

13. The use according to claim 11 or 12, said non-woven fabric has one or more concave groove formed on one face
thereof.

Patentanspriiche

1. Verwendung einer kohlenstoffhaltigen Faser, umfassend eine Quasigraphit-Kristallstruktur, wobei der <002>-Ab-

stand 34,5 bis 35 nm (3,45 bis 3,50 A) ist, die GréR3e eines Kristallits in der c-Achsenrichtung 150 bis 330 nm (15
bis 33 A) ist, und die GréRe eines Kristallits in der a-Achsenrichtung 300 bis 700 nm (30 bis 70 A) ist, die jeweils
durch Réntgenweitwinkelanalyse erhalten wurden,

und die eine Oberflacheneigenschaft hat, die durch XPS-Oberflachenanalyse erhalten wurde, in der die Menge
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der sauren funktionellen Gruppe an der Oberflache 0,1 bis 1,2 % ist, bezogen auf die Gesamtzahl der Kohlen-
stoffatome an der Oberflache, und die Anzahl der an die Oberflache gebundenen Stickstoffatome 5 % oder weniger
ist, bezogen auf die Gesamtzahl der Kohlenstoffatome an der Oberflache,

als ein Kohlenstoff-Elektrodenmaterial fir eine Vanadium-Redox-Flow-Batterie (Vanadium-Redox-Batterie).

Anwendung gemal Anspruch 1, wobei die Menge der sauren funktionellen Gruppen an der Oberflache 0,2 bis
1,0 % ist, bezogen auf die Gesamtzahl der Kohlenstoffatome an der Oberflache, und die Anzahl der an die Ober-
flache gebundenen Stickstoffatome 3 % oder geringer ist, bezogen auf die Gesamtzahl der Kohlenstoffatome an
der Oberflache.

Anwendung gemaf den Anspriichen 1 oder 2, wobei die GréRe eines Kristallits in der c-Achsenrichtung 200 bis
300 nm (20 bis 30 A) ist, und die GréRe eines Kristallits in der a-Achsenrichtung 450 bis 650 nm (45 bis 65 A) ist.

Anwendung gemaR irgendeinem der Anspriiche 1 bis 3, wobei der halbe Wert der Halbwertsbreite eines Peaks
bei 1360 cm-! 30 bis 60 cm-! ist, der halbe Wert der Halbwertsbreite eines Peaks bei 1580 cm-! 30 bis 45 cm-!
ist, und das Verhaltnis R der Peak-Intensitat la bei 1360 cm~! und der Peak-Intensitét Ig bei 1580 cm-! (= la/lg)
0,7 bis 1,0 ist, die jeweils durch eine Laser-Raman-Spektroskopie-Methode erhalten wurden.

Anwendung gemal den Anspriichen 1 und 3, wobei das Stapel-Struktur-Verhaltnis, bezogen auf die Peak-Inten-
sitat der <002>-Beugung, die durch Rontgenweitwinkelanalyse erhalten wurde, 0,50 bis 0,90 ist.

Anwendung gemal den Anspriichen 1 bis 3, wobei die Anzahl der Kohlenstoffatome an der Oberflache, die durch
eine Doppelbindung an Stickstoff gebunden sind, die durch XPS-Oberflachenanalyse erhalten wurde, 0,3 bis 3,0
%, bezogen auf die gesamte Anzahl der Kohlenstoffatome an der Oberflache, betragt.

Anwendung gemaf Anspruch 6, wobei die Anzahl der quartdren Ammonium-Stickstoffatome an der Oberflache,
die durch XPS-Oberflachenanalyse erhalten wurde, 1,0 % oder weniger, bezogen auf die gesamte Anzahl der
Kohlenstoffatome an der Oberflache, betragt.

Anwendung gemaR den Anspriichen 1 bis 3, wobei die Anzahl der neutralen Kohlenstoffatome an der Oberflache,
die durch XPS-Oberflachenanalyse erhalten wurde, 80 bis 95 %, bezogen auf die gesamte Anzahl der Kohlen-
stoffatome an der Oberflache, betragt.

Anwendung gemaf den Anspriichen 1 bis 8, wobei die Viskositat einer Elektrolyse-Ldsung der Batterie 0,005 Pa's
oder grofer bei 25 °C ist.

Anwendung gemafR den Anspriichen 1 bis 8, wobei die Elektrolyse-L6sung der Batterie Vanadiumionen in einer
Menge von 1,5 mol/l enthalt.

Anwendung gemaf den Anspriichen 1 bis 10, wobei das Kohlenstoff-Elektrodenmaterial zu einem Faservlies einer
kohlenstoffhaltigen Faser geformt wird, das Faservlies eine Zusammendriickbarkeit von 10 - 25 % und einen Kom-
pressionsmodul von 80 % oder mehr hat, die jeweils gemaR JIS L 1096 (1990) erhalten wurden.

Anwendung gemaf den Anspriichen 1 bis 10, wobei das Kohlenstoff-Elektrodenmaterial zu einem Faservlies einer
kohlenstoffhaltigen Faser geformt wird, und das Faservlies eine Schittdichte von 0,05 - 0,17 g/cm? hat.

Anwendung gemaf den Anspriichen 11 oder 12, wobei das Faservlies eine oder mehrere konkave Rillen aufweist,
die auf einer Flache desselben ausgebildet sind.

Revendications

Utilisation d'un matériau de fibre carboné comprenant une structure cristalline de quasi graphite, dans laquelle
I'espacement <002> est 34,5 a 35 nm (3,45 a 3,50 A), la dimension d'une cristallite dans la direction axiale ¢ est
150 & 330 nm (15 a 33 A) et la dimension d'une cristallite dans la direction axiale a est 300 & 700 nm (30 a 70A),
chacune étant obtenue par analyse aux rayons X a grand angle,

et qui a une propriété de surface obtenue par analyse de surface XPS, dans laquelle une quantité de groupe
fonctionnel acide de surface est 0,1 a 1,2 % par rapport au nombre total d'atomes de carbone de surface et au
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nombre total d'atomes d'azote liés en surface est 5 % ou inférieur par rapport au nombre total d'atomes de carbone
de surface,
en tant que matériau carboné d'électrode pour une batterie de type flux redox au vanadium.

Utilisation selon la revendication 1, dans laquelle ladite quantité de groupes fonctionnels acides de surface est
0,2 a 1,0 % par rapport au nombre total d'atomes de carbone de surface et ledit nombre d'atomes d'azote liés en
surface est 3 % ou inférieur par rapport au nombre total d'atomes de carbone de surface.

Utilisation selon la revendication 1 ou 2, dans laquelle ladite dimension d'une cristallite dans la direction axiale ¢
est 200-300 nm (20 a 30 A) et ladite dimension d'une cristallite dans la direction axiale a est 450 & 650 nm (45 &
65 A).

Utilisation selon I'une quelconque des revendications 1 a 3, dans laquelle une demi-valeur de la moitié de la largeur
d'un pic & 1360 cm-! est 30 4 60 cm™", une demi-valeur de la moitié de la largeur d'un pic & 1580 cm-! est 30 4 45
cm-1, et un rapport R d'intensité de pic la & 1360 cm™! et d'une intensité de pic Ig & 1.580 cm-! (=la/lg) est 0,7 a
1,0 chacune obtenue par un procédé de spectroscométrie au laser par diffusion Raman.

Utilisation selon la revendication 1 et 3, dans laquelle un rapport de structure empilée basé sur une intensité du
pic de diffraction <002> obtenue par analyse radiographique a grand angle est 0,50 a 0,90.

Utilisation selon les revendications 1 a 3, dans laquelle le nombre d'atomes de carbone de surface qui sont en
liaison double avec I'azote obtenu par analyse de surface XPS est 0,3 a 3,0 % par rapport au nombre total d'atomes
de carbone de surface.

Utilisation selon la revendication 6, dans laquelle le nombre d'atomes d'azote d'ions ammonium de surface obtenu
par analyse de surface XPS est 1,0% ou inférieur par rapport au nombre total d'atomes de carbone de surface.

Utilisation selon les revendications 1 a 3, dans laquelle le nombre d'atomes de carbone neutres de surface obtenu
par analyse de surface XPS est de 80 a 95 % par rapport au nombre total d'atomes de carbone de surface.

Utilisation selon les revendications 1 a 8, dans laquelle la viscosité d'une solution d'électrolyse d'une batterie est
0,005 Pa. s ou supérieure a une température de 25°C.

Utilisation selon les revendications 1 a 8, dans laquelle une solution d'électrolyse de la batterie contient un ion
vanadium dans une quantité de 1,5 mole/I.

Utilisation selon les revendications 1 a 10, dans lequel le matériau carboné d'électrode est formé en un matériau
non-tissé d'une fibre carbonée, le matériau non-tissé présente une compressibilité de 10 a 25% et un module de

compression de 80 % ou supérieur, chaque valeur ayant été obtenue conformément a la norme JIS L 1096 (1990).

Utilisation selon les revendications 1 a 10, dans laquelle le matériau carboné d'électrode est formé en un matériau
non-tissé d'une fibre carbonée et le matériau non-tissé présente une densité apparente de 0,05 & 0,17 g/cm3.

Utilisation selon la revendication 11 ou 12, ledit matériau non-tissé présente une ou plusieurs cavités concaves
formées sur l'une de ses faces.
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